Introduction
Sertoli cells from immature rats in vitro metabolize glucose via glycolysis at a high rate, which re¬ sults in net production of lactate (Jutte, Grootegoed, Rommerts & van der Molen, 1981; Robinson & Fritz, 1981) . The rate of lactate production is increased by FSH, an important regulator of spermatogenesis in immature rats (Jutte et ai, 1982; Mita, Price & Hall, 1982 ; Jutte, Jansen, Grootegoed, Rommerts & van der . Exogenous lactate is essential to support ATP production by isolated rat spermatogenic cells; ATP is rapidly dephosphorylated when round spermatids are exposed to glucose in the absence of exogenous lactate (Grootegoed, Jansen & van der Molen, 1986) . Glucose metabolism and lactate production by Sertoli cells probably play an important role to maintain the ATP content of the spermatogenic cells in vivo. In this respect, it is relevant to study the metabolism of energy-yielding substrates by Sertoli cells.
Using radiolabelled substrates, it should be possible to obtain information on the regulation of the different pathways which could be involved in the metabolism of these substrates. It has been reported, however, that FSH did not affect glucose metabolism by Sertoli cells when the meta¬ bolism of 3H-or 14C-labelled glucose was studied (Robinson & Fritz, 1981) . This could indicate that FSH exerts an effect primarily on the mobilization of endogenous pools (glycogen). The activity of glycogen phosphorylase in Sertoli cells is stimulated by FSH (Slaughter & Means, 1983) .
We have therefore investigated the metabolism in vitro of radiolabelled glucose, pyruvate, glutamine and leucine by Sertoli cells from rats.
Materials and Methods
Materials. The following radiolabelled compounds were purchased from Amersham International PLC, Amersham, Bucks, U.K.: D-[l-I4C]glucose (sp. act. 50-60 Ci/mol); D-[6-14C]glucose (sp. act. 50-60 Ci/mol); D-[5-3H] glucose (sp. act. 10-20 Ci/mol); L-[U-14C]glutamine (sp. act. 40 Ci/mol); L-[U-14C]leucine (sp. act. 330 Ci/mol); and L-[l-14C]leucine (sp. act. 55 Ci/mol). Radiolabelled pyruvate ([l-14C] pyruvate (sp. act. 5-20 Ci/mol) and [2-14C] (Beaumont, 1960) , and the testicular tubules of these animals contained Sertoli cells but no developing germ cells. The rats were killed by cervical dislocation and the testes were collected and decapsulated at room tempera¬ ture. The decapsulated testes were treated with collagenase (10 mg per 6-10 testes) in 20 ml phosphate-buffered saline (PBS) (Dulbecco & Vogt, 1954) , supplemented with 5-6mM-glucose. This incubation was performed in a siliconized Erlenmeyer flask (100 ml) placed in a Dubnoff-type shaking water bath (120cycles-min), for 30 min at 32°C. During the collagenase treatment large tubule fragments were released from the tissue. These tubules were washed twice in PBS by sedi¬ mentation for 2 min at unit gravity, and subsequently incubated for another 30 min under the same conditions in the presence of collagenase. At the end of this second collagenase treatment, the cells from the tubular wall had become dissociated almost completely from the Sertoli cells. The Sertoli cell clusters were separated from most of the tubular wall cells by repeated sedimentation at unit gravity for 2 min in PBS (five times) and were washed once in MEM. The removal of the tubular wall was observed using Nomarski differential-interference contrast optics. In addition, the Sertoli cell preparations were fixed in ethanol-glacial acetic acid (3:1, v/v) and applied to microscope slides. After evaporation of the fixative, a drop of acetic acid (40%) was added, and the nuclei were observed by phase-contrast optics. In these preparations, the different morphology of the nuclei of tubular wall cells and Sertoli cells can be recognized (Oonk, Grootegoed & van der Molen, 1985) . The purity of the Sertoli cell preparations was greater than 94%. The Sertoli cells were incubated in plastic flasks (25 cm2 growth area; 0-6-1 -2 mg protein per flask) in 4 ml MEM, under an atmosphere of 5% C02 in air at 32°C. FSH (0-5 µg/ml) or dbcAMP (0-5 mM) were added at the start of the incubations.
Estimation of the metabolism of radiolabelled substrates. During incubation for 18 h, the Sertoli cell clusters had become firmly attached to the growth area of the flasks. The attached cells were washed with PBS and the incubations were continued for 2-4 h in 2 ml PBS, in the presence of glucose (1 µ 3H-or 14C-labelled glucose; 5-6 mM) or pyruvate (01 µ 14C-labelled pyruvate; 0-01-1-0 mM). FSH or dbcAMP were added also during this incubation. The incubations in the presence of the labelled compounds were carried out in closed flasks, under air at 32°C.
The metabolism of 14C-labelled L-glutamine and L-leucine was estimated during incubation of Sertoli cells (from 4-week-old sterile rats) in 2 ml MEM, which contained 5-6 mM-glucose, At the end of the incubations with 14C-labelled substrates, the reactions were terminated and C02 was chased from the medium by injection of 0-2 ml of 1 M-HC1 into the incubation medium and injection of 50 µ of 6 M-NaOH into a small vessel, which contained a piece of filter paper and was placed in the neck of the flasks. The 14C02 was trapped by the NaOH during further incuba¬ tion for 60 min at 32°C. Subsequently, the filter paper was transferred to a liquid scintillation vial containing 0-2 ml water. After addition of 0-5 ml Carbo-Sorb II and 10 ml Pico-fluor 15 (Packard Instrument Company Inc., Downers, Grove, IL, U.S.A.) the amount of radioactivity (d.p.m.) was estimated using an Isocap-300 liquid scintillation counter (Searle Analytic, Des Plains, IL, U.S.A.).
The amount of 3H20 formed from [5-3H] glucose was estimated by mixing 1 ml incubation medium with 01 ml 0-5 M-HC1 and 01 ml of 005% merthiolate solution. A portion of this mixture (0-2 ml) was equilibrated with 1 ml of water for 48 h at 55°C. The amount of radioactivity in the 1 ml water was counted after addition of 10 ml Picofluor.
All incubations with radioactively labelled substrates were also carried out in the absence of cells, and the data were corrected for these blanks. Katz & Wood (1963) .
Results

Metabolism ofglucose
The overall rate of glucose metabolism (formation of 3H20) and the rate of glucose oxidation (formation of 14C02) by the isolated Sertoli cells were increased by FSH or dbcAMP (Table 1) .
Under all incubation conditions, the overall rate of glucose utilization was much higher than the rate of glucose oxidation (Table 1) . 3-4 ± 0-2 8-8 ± 0-6 12 6 ± 1-3 2-8 ± 0-6 14-9+ 11 112-5 ± 13-1 1-5 ±0-2 4-4 ± 0-7 7-5 ± 0-8 1-6 + 0-7 9-6 + 0-9 6-2 ± 0-6 0-6 (Table 1) . Under the different incubation conditions, however, the pentose phosphate pathway did not account for more than 1-2% of the overall rate of glucose metabolism. When the artificial electron acceptor phenazine methosulphate (PMS) was added to the incubation medium, there was a very high rate of oxidation of carbon-1 of glucose (Table 1) .
The present experiments were performed using a glucose concentration of 5-6 mM, which repre¬ sents saturation conditions (Robinson & Fritz, 1981) . (Fig. 3) . Round spermatids from rats were isolated as described elsewhere (Grootegoed et ai, 1984) and incubated for 2 h in Eagle's minimum essential medium (2 mM-L-glutamine, 0-4 mM-L-leucine). (Grootegoed et ai, 1984) .
Discussion
In the present experiments, the overall rate of glucose metabolism by rat Sertoli cells was increased during incubation in the presence of FSH or dbcAMP. The dbcAMP-stimulated rate of 3H20 formation from 3H-labelled glucose (300-350 nmol/h per mg protein for Sertoli cells from 3-weekold sterile rats) was almost as high as the rate observed by Robinson & Fritz (1981) for Sertoli cells from 3-week-old intact rats during incubation in the absence of dbcAMP (~450 nmol/h per mg protein). In the experiments reported by Robinson & Fritz (1981) ) . Furthermore, the basal rate of overall glucose metabolism (3H20 production from 3H-labelled glucose) by the isolated Sertoli cells was relatively high using 4-week-old rats as compared to 3-week-old rats. This is in agreement with our previous results (Jutte et ai, 1983) on lactate production by Sertoli cells from rats of different ages. The energy-yield from glucose under the present incubation conditions is limited because only a small amount of the endogenous pyruvate produced from glucose is oxidized via the citric acid cycle (Robinson & Fritz, 1981; present results). Rather, pyruvate is converted to lactate and both pyruvate and lactate are released from the cells (Grootegoed, Oonk, Jansen & van der Molen, 1985b; Jutte et ai, 1983) . In the present experiments, it was observed that Sertoli cells oxidized exogenous pyruvate at very low concentrations during incubation in the presence of glucose. This could explain that the rate of formation of 14C02 from 14C-labelled glucose was markedly increased during 2-4 h of incubation, when the incubation medium was not renewed at t = 2 h, because the concentration of 14C-labelled pyruvate in the medium will be higher during 2^4 h of incubation than during 0-2 h of incubation. In other words, the energy yield from glucose metabolism by Sertoli cells in situ is probably dependent on the steady-state extracellular pyruvate and lactate concentrations.
Exogenous pyruvate was converted to lactate, presumably until the pyruvate/lactate ratio had reached equilibrium. This conversion is an NADH-dependent reduction, and the extra reducing equivalents which are expended are most probably generated through mitochondrial metabolism. Jutte, Eikvar, Levy & Hansson (1985) have indicated that Sertoli cells (from 19-day-old rats) produce 14C02 from [l-14C] In rat spermatogenic epithelium, the enzyme branched-chain amino acid aminotransferase, that catalyses the conversion of the branched-chain amino acids (valine, leucine, isoleucine) to the corresponding branched-chain -acids, is confined to Sertoli cells (Grootegoed, Jutte, Jansen & van der . Sertoli cells, but not spermatocytes and spermatids, can produce 4-methyl-2-oxopentanoate from leucine and this compound is either released from the cells or con¬ verted to isovaleryl-CoA. We have described elsewhere (Grootegoed et ai, 1985a ) that the released 4-methyl-2-oxopentanoate is utilized by spermatocytes and spermatids in a non-energy-yielding pathway. Further oxidation of isovaleryl-CoA in different tissues is not always complete (Buse, Jursinic & Reid, 1975) . A ratio of 14C02 produced from L-[U-14C]leucine to that from L- [l- 14C]leucine of 0-6 has been considered compatible with complete oxidation of the leucine molecule in muscle tissue (Odessey & Goldberg, 1972 (Grootegoed et ai, 1983) . The formation of isovaleryl-CoA is rate-limiting for leucine oxidation (Buse et ai, 1975) (Zielke et ai, 1978) .
During incubation of Sertoli cells in Eagle's minimum essential medium, FSH and insulin exert rapid and pronounced stimulatory effects on aerobic lactate production (Oonk et ai, 1985) . These effects could involve an increased rate of carrier-mediated glucose transport (Hall & Mita, 1984 ), but may not be driven by the cellular needs for ATP. A strong connection between ATP turnover and glycolysis in tumour cells has been described (Racker, Johnson & Blackwell, 1983) . The contri¬ bution of glucose metabolism to maintain a high energy charge in Sertoli cells, however, may be relatively small compared to the energy yield from fatty acids (Jutte et ai, 1985) 
